Introduction
Whether the La protein actually functions in all of these different processes is uncertain. Most of the experiThe only protein known to associate with all newly synments that have ascribed functions to the La protein thesized RNA polymerase III transcripts is the La protein.
have been performed in cell extracts. Thus, all of the First described as an autoantigen in patients suffering proposed roles of the La protein have not been demonfrom rheumatic disease, La proteins have been identistrated in vivo. fied in a wide variety of eukaryotes (Chambers et al., The combination of genetics and biochemistry avail-1988; Scherly et al., 1993; Yoo and Wolin, 1994; able in Saccharomyces cerevisiae makes this system Marq and Clarkson, 1995) . RNAs bound by the La protein attractive for dissecting the role of the La protein. We include precursors to transfer RNAs, 5S ribosomal RNA, previously characterized an S. cerevisiae gene encoding the spliceosomal U6 RNA, the signal recognition particle a homolog of the La protein, which we named LHP1 (La SRP RNA, and the cytoplasmic Y RNAs (Hendrick et al., homologous protein 1). Like mammalian La proteins, 1981; Rinke and Steitz, 1982; Chambers et al., 1983;  Lhp1p binds nascent polymerase III transcripts in vivo Rinke and Steitz, 1985) . The La protein recognizes all (Yoo and Wolin, 1994) . Surprisingly, yeast cells lacking of these distinct RNAs because it binds the sequence LHP1 are viable (Yoo and Wolin, 1994 ; Lin-Marq and UUU OH , which is the 3Ј terminus of most newly synthe- Clarkson, 1995) , suggesting that other gene products sized polymerase III transcripts (Stefano, 1984) .
compensate for the loss of this protein.
The La protein has been proposed to function in sev-
To elucidate the function of Lhp1p, we performed a eral aspects of the biogenesis of polymerase IIIgenetic screen and identified mutations that cause yeast transcribed RNAs. Experiments performed in mammacells to require LHP1 for growth. A mutation that disrupts lian cell extracts have led to the proposal that the protein the anticodon stem of tRNA Ser CGA causes cells to require is a transcription termination factor for RNA polymerase LHP1. By examining the biogenesis of tRNA Ser CGA and other III. In one set of experiments, extracts that were immunotRNAs, we have determined that Lhp1p functions in predepleted of the La protein exhibited greatly reduced tRNA processing. All tRNAs are synthesized as precurtranscription. The few transcripts that accumulated sors containing 5Ј and 3Ј extensions that must be rewere slightly shorter at the 3Ј end and appeared to be moved to generate mature tRNAs. In both prokaryotes generated by stalled transcription complexes (Gottlieb and eukaryotes, maturation of the 5Ј end is accomand Steitz, 1989) . More recently, experiments in which plished by the endonuclease RNase P (reviewed by Altthe La protein was added to preassembled transcription man et al., 1995) . While maturation of the 3Ј terminus complexes have led to a model in which the protein of prokaryotic tRNAs is accomplished largely by exofunctions in both transcript release and reinitiation by nucleases (Li and Deutscher, 1996) , the mechanism by RNA polymerase III (Maraia, 1996) .
which the 3Ј trailer sequence is removed from eukaryotic tRNAs is less well understood (reviewed by Deutscher, The La protein has also been implicated in nuclear 1990). We demonstrate that in wild-type yeast cells and Three intron-containing precursors to wild-type tRNA Ser CGA were detected in cells containing a chromoextracts, an endonuclease removes precursor-specific nucleotides from the 3Ј end of many pre-tRNAs. In the somal copy of LHP1 ( Figure 1B , lane 2). The identities of the species were determined by reprobing the blot absence of Lhp1p, these 3Ј residues are removed by exonuclease(s). As the mutation that causes cells to with oligonucleotides specific for either the 5Ј leader sequence or the 3Ј extension (data not shown). This require LHP1 acts by disrupting pre-tRNA structure, we propose that Lhp1p stabilizes pre-tRNAs in conformarevealed that the three intron-containing species consisted of a primary transcript containing both a 5Ј leader tions that allow 3Ј end maturation to occur by endonucleolytic cleavage.
sequence and a 3Ј extension, a processing intermediate containing a mature 5Ј end and a 3Ј extension, and a species with mature 5Ј and 3Ј ends. The same three Results precursors were detected when RNA was analyzed from cells that contained the sup61-10 mutation and a chroYeast Cells Containing a Mutation in an Essential tRNA Gene Require LHP1 for Growth mosomal copy of LHP1 (lane 4). However, precursors of the mutant tRNA Ser CGA were more abundant than those Since S. cerevisiae cells lacking LHP1 are viable (Yoo and Wolin, 1994; Lin-Marq and Clarkson, 1995) , it of the wild-type tRNA (compare lanes 2 and 4), suggesting that processing of the mutant tRNA was slow seemed likely that other genes compensated for the loss of this protein. We therefore carried out a genetic relative to the wild-type tRNA. To determine which species were bound by Lhp1p, we performed immunoprescreen to identify mutations in other genes that would create a requirement for LHP1. For this synthetic-lethal cipitations with anti-Lhp1p antibodies. Northern analyses of the RNAs within the immunoprecipitates revealed screen, we transformed strains containing a chromosomal disruption of LHP1 (lhp1::LEU2) with a plasmid that, for both the wild-type ( Figure 1C , lane 2) and mutant tRNA Ser CGA (data not shown), Lhp1p bound the precurcontaining the LHP1, LYS2, and URA3 genes. Following mutagenesis with ethylmethane sulfonate to 25% sursors that contained 3Ј extensions. In the lhp1::LEU2 strain, we detected two alterations vival, colonies were screened for the inability to lose the plasmid. This was accomplished by replica-plating cells in the pattern of precursors to wild-type tRNA Ser CGA ( Figure  1B, lane 3) . First, the transcript containing 5Ј and 3Ј onto media containing ␣-aminoadipate or 5-fluororotic acid (5-FOA), which select against the LYS2 and URA3 extensions migrated faster in the gel and often appeared more heterogeneous in length (see Figure 5A , lanes 3 genes, respectively. Cells that acquire a mutation that makes LHP1 essential will be dependent on the plasmid and 4). Second, the processing intermediate containing a mature 5Ј end and a 3Ј extension was undetectable for growth and will not survive on either of these media. From 68,000 mutagenized colonies, two independent (lane 3). Despite these alterations, hybridization of the blot with an oligonucleotide specific for the mature tRNA strains contained a single nuclear mutation that caused a requirement for LHP1. As one strain displayed a temrevealed no significant differences in the amount of tRNA produced ( Figure 1B , compare lanes 2-4). The fate perature-sensitive growth defect that was genetically linked to the plasmid dependency, we cloned the gene of the mutant tRNA Ser CGA in the lhp1::LEU2 strain is described later. based on complementation of the temperature-sensitive phenotype. Subcloning of genomic DNA fragments in a
We also examined the transcription and processing of the wild-type tRNA Ser CGA in whole cell extracts (Nichols low copy vector revealed that the sup61 ϩ gene restored growth at 37ЊC. et al., 1990) . Transcription reactions were performed using the wild-type tRNA gene as a template in the sup61 ϩ encodes tRNA Ser CGA, the only serine tRNA isoacceptor that decodes UCG codons in S. cerevisiae (Etpresence of [␣-32 P]rGTP. In extracts prepared from wildtype cells, three precursor species were observed (Figcheverry et al., 1979 (Figcheverry et al., , 1982 Olson et al. 1981 ). This gene is the only known single-copy and essential tRNA gene ure 2A, lane 2). RNA fingerprint analyses confirmed that they corresponded to the processing intermediates that in S. cerevisiae. To confirm that the mutant gene that conferred a requirement for LHP1 was an allele of we detected in vivo (data not shown, but see Figure  2B ). Similarly, in extracts prepared from the lhp1::LEU2 sup61 ϩ , we sequenced this gene from our mutant strain. This revealed a G-to-A mutation that disrupts base pairstrain, the longest precursors migrated faster and were ing in the anticodon stem ( Figure 1A ). We refer to our more heterogeneous, and the processing intermediate mutant allele as sup61-10.
containing a mature 5Ј end and a 3Ј extension was undetectable ( Figure 2A, derived from the 3Ј terminus, we also compared the (Etcheverry et al., 1979; Olson et al., 1981) is depicted. Positions of the 5Ј and 3Ј extensions and the intervening sequence (IVS) are indicated by lines. The anticodon is indicated by a bracket. The 5Ј end of the pretRNA was determined by primer extension of cellular RNA. The 3Ј end was determined from RNA fingerprint analyses of in vitro transcribed species ( Figure 2B ). The sup61-10 mutation is indicated (arrow). (B) RNA extracted from wild-type cells (lane 2), lhp1::LEU2 cells (lane 3), and cells containing the sup61-10 mutation (lane 4) was subjected to Northern analysis using two oligonucleotide probes. One oligonucleotide was complementary to the intervening sequence of pre-tRNA Ser CGA . The second oligonucleotide was complementary to the spliced anticodon stem-loop. Because the oligonucleotide that detects spliced tRNA hybridizes with low efficiency, levels of mature tRNA are underrepresented relative to pre-tRNAs. Lane 1, molecular size markers. (C) An extract prepared from wild-type cells was subjected to immunoprecipitation with anti-Lhp1p antibodies (Yoo and Wolin, 1994) . Total RNA (lane 1) and RNA extracted from the immunoprecipitate (lane 2) were subjected to Northern analysis. In multiple experiments, 50%-90% of the pre-tRNAs containing 3Ј extensions were immunoprecipitated.
fingerprints of RNAs synthesized with [␣- The shorter transcripts that we observed in lhp1::LEU2 cells and extracts could arise in several ways. One possi-[c]). The composition of each spot was determined by subjecting the oligonucleotides to nearest neighbor bility was that the transcripts were initially full-length, but were shortened by exonucleases in the absence of analysis. This revealed that the major 3Ј end of the primary transcript in wild-type extracts is UUUAAUUU OH Lhp1p. Alternatively, the shorter transcripts could be generated by stalled transcription complexes, as was (Figure 2B, spot [b] ), with the ends UUUAAUUUU OH , UU-UAAUU OH , UUUAAU OH , UUUAA OH , and UUU OH appearing reported in HeLa cell extracts that were immunodepleted of the La protein (Gottlieb and Steitz, 1989) . To in lower amounts (Figure 2B, spots [a] and [c]-[f], respectively). In contrast, the largest precursors of tRNA Ser CGA distinguish between these alternatives, we examined the transcripts synthesized during very short incubadetected in the lhp1::LEU2 extracts end in UUUAAUOH, UUUAAOH, UUUOH, and UUOH ( Figure 2C ,
tions of the DNA template with the extracts. As shown lhp1::LEU2 extracts were more heterogeneous in length than those synthesized in wild-type extracts ( Figure 3B , lanes 2 and 10; also see Figure 3A , lanes 9 and 10). However, the majority of the transcripts in the lhp1::LEU2 extract comigrated with those made in wildtype extracts. During continued incubation in the lhp1::LEU2 extract, the transcripts were shortened by exonucleases (compare lanes 11-15 with lane 10), while the majority of transcripts in the wild-type extract remained full-length prior to cleavage of the 5Ј leader (lanes 3-6).
The pulse-chase experiment revealed that both the order and mechanism by which the 5Ј and 3Ј extensions of the pre-tRNA Ser CGA are removed is altered in lhp1::LEU2 extracts. In wild-type extracts, the 5Ј leader is removed first, generating an intermediate containing a mature 5Ј end and a 3Ј trailer ( Figure 3B , lanes 4-9). The 3Ј trailer is subsequently removed, possibly by an endonuclease (lanes 5-9). In lhp1::LEU2 extracts, the 3Ј end is initially trimmed by an exonuclease. Exonuclease digestion halts near the point at which the 5Ј and 3Ј extensions can base pair (see Figure 1A ). Following cleavage of the 5Ј leader, further exonuclease digestion generates the mature 3Ј end. (The ladder of bands in lanes 12 and 13 that migrate above the fully end-matured pre-tRNA may represent species containing mature 5Ј ends and incompletely trimmed 3Ј ends.) The two pathways by which pre-tRNA Ser CGA can be processed are diagrammed in Figure  3C . Note that processing by either pathway results in an intron-containing precursor species containing fully trimmed 5Ј and 3Ј ends. This end-trimmed species undergoes removal of the intervening sequence to produce mature tRNA. ϩ was transcribed in wild-type (lanes 1, 3, 5, 7, and In the model shown in Figure 3C , an endonucleolytic (Geiduschek and Tocchini-Valentini, 1988). As expected, there are two transcripts containing both 5Ј and 3Ј extensions in wild-type extracts (lane 3). In addition to the in Figure 3A , the transcripts detected in lhp1::LEU2 exprocessing intermediates described for tRNA Ser CGA, two tracts after only 1 min of incubation migrated indistinbands migrated at the expected size for the 3Ј endoguishably from those synthesized in wild-type extracts nucleolytic cleavage products (lane 3, bands near bot-(compare lanes 5 and 6).
tom of gel). RNA fingerprinting confirmed that these To determine the fate of these transcripts, we perbands originated from cleavage of the 3Ј extensions formed pulse-chase experiments. After three min of (data not shown). In lhp1::LEU2 extracts, the two primary transcription with [␣- GAA were shorter and more 10), a 100-fold excess of unlabeled rGTP was added, heterogeneous than those in wild-type extracts (comand the reaction continued for an additional 90 min.
pare lanes 3 and 6), and the intermediates containing a mature 5Ј end and a 3Ј extension were replaced by a Even at three min, the longest transcripts synthesized in these probes, we tentatively assigned each of the detected species. By searching the yeast genome sequence, we verified that the observed sizes of the processing intermediates were consistent with sizes predicted from the genomic sequences. Since the various genes that encode a single tRNA species can differ in the lengths and sequences of the 5Ј and 3Ј extensions (as well as in the exact sequences of the introns), many of the detected pre-tRNAs appear as heterogeneous bands (e.g., lanes 9-14).
For eight of the remaining nine families of intron-containing tRNAs, alterations in the pattern of precursors were detected in lhp1::LEU2 cells (Figure 5, asterisks containing a mature 5Ј end and a 3Ј extension in lhp1::LEU2 cells may indicate that these tRNA families also undergo exonucleolytic trimming of the 3Ј end in smear of RNAs, consistent with exonucleolytic shortening of the 3Ј ends. Strikingly, the endonucleolytic cleavthe absence of Lhp1p. For the remaining four tRNA families, the changes in age products derived from the 3Ј end were undetectable (lane 6). Addition of purified Lhp1p to these extracts the pattern of processing intermediates were difficult to interpret. For three families, tRNA -22) , at least one band corresponding to a primary transcript was onstrated that in lhp1::LEU2 extracts, exonucleases trim the 3Ј extension while it is still attached to the rest of shortened or absent, but bands corresponding to the sizes of processing intermediates containing a trimmed the pre-tRNA ( Figure 3B, lanes 10-16; Figure 4 , lane 6). Thus, the most likely explanation for the appearance of 5Ј end and a 3Ј extension were present. For tRNA Leu CAA , the pattern of pre-tRNAs was identical in wild-type cells the 3Ј trailer fragment in wild-type extracts is that the extension is removed by endonucleolytic cleavage. In and lhp1::LEU2 cells (lanes 17-18). Thus, for these the absence of Lhp1p, the 3Ј extension is trimmed by tRNAs, we cannot evaluate whether the pathway by exonucleases.
which the 3Ј ends are matured is altered in the lhp1::LEU2 strain. Because pre-tRNAs are far less abundant than mature Lhp1p Is Necessary for Normal Processing of Many tRNAs tRNAs, it is difficult to detect precursors to tRNAs that lack introns. To determine whether the processing of Because tRNA Ser CGA is the only tRNA in S. cerevisiae that is encoded by an essential single-copy gene, we could these tRNAs is altered in the absence of Lhp1p, we examined the transcription and processing of two innot have identified mutations in other tRNA genes in the synthetic-lethal screen. To determine if the processing tronless tRNA genes, tRNA Glu 3 ( Figure 5B ) and the SUQ5 gene encoding tRNA Ser UGA (data not shown), in extracts. of other pre-tRNAs is altered in lhp1::LEU2 cells, we probed Northern blots with oligonucleotides compleFor both tRNAs, changes in the pattern of processing intermediates in lhp1::LEU2 extracts were identical to mentary to the intervening sequences of each of the ten families of intron-containing tRNA genes ( Figure 5A tRNA, 3Ј processing in the absence of Lhp1p does not For most tRNAs, 3Ј maturation occurs in the presence result in the production of mature tRNA. or absence of LHP1. However, when cells carry the sup61-10 mutant allele encoding tRNA Ser CGA , LHP1 is required for viability. To examine the fate of the mutant The sup61-10 Mutation Acts by Destabilizing RNA Structure tRNA in the absence of Lhp1p, we placed the LHP1 gene under control of the GAL1 promoter. Growth of the The mutation in sup61-10 cells that causes cells to require LHP1 for processing could function either by desup61-10 mutant cells in media containing 2% galactose and 1% glucose resulted in levels of Lhp1p that were stabilizing RNA structure or by eliminating recognition of a crucial nucleotide by the processing machinery. To approximately equal to that of wild-type cells ( Figure  6B ). When cells were shifted to medium containing only distinguish between these alternatives, we restored the base pairing by creating a compensatory mutation on glucose, the GAL1 promoter was fully repressed, and the levels of Lhp1p declined. Within 12 hr after the switch the other side of the anticodon stem (sup61-10,70U; Figure 7A ). When a low copy plasmid containing the to glucose-only medium, Lhp1p was undetectable (Figure 6B) . At approximately the same time, cells containing doubly mutant tRNA was introduced into sup61-10 cells carrying LHP1 on a URA3/LYS2-containing plasmid, the the sup61-10 mutation exhibited a severe slowdown in growth ( Figure 6A ). cells were no longer temperature-sensitive for growth ( Figures 7B and 7C , compare sectors 2 and 5). IntroducTo determine if Lhp1p depletion affected the biogenesis of the mutant tRNA Ser CGA , RNA was extracted at intervals tion of the sup61-10,70U plasmid also eliminated the requirement for LHP1, as these cells could lose the and subjected to Northern analysis ( Figure 6C ). At 0 hr after the switch to glucose-only medium, we detected LHP1/URA3/LYS2 plasmid and survive on 5-FOA-containing media ( Figure 7D , sector 2). The extent of growth the same three intron-containing precursors that were observed in wild-type cells (lane 1). However, the relative on 5-FOA was comparable to that seen when a wildtype sup61 ϩ gene was introduced into the sup61-10 amounts of the mutant tRNA precursors were higher than in wild-type cells, suggesting that splicing and/or strain (sector 4) and also to that of the strain used in the synthetic-lethal screen (sector 1). Thus, we conclude end maturation of the mutant pre-tRNA Ser CGA is inefficient compared to the wild-type tRNA (compare lanes 1 and that the mutation in sup61-10 cells exerts its effect by perturbing RNA structure. 7; also see Figure 1B ). Depletion of Lhp1p resulted in the same changes in the pattern of processing intermeDiscussion diates that we demonstrated were due to trimming of the 3Ј end by exonucleases. Specifically, the longest precursors became shorter and the intermediate con-
We have identified a mutation in the anticodon stem of an essential tRNA Ser that causes yeast cells to require taining a mature 5Ј end and a 3Ј extension became undetectable (lanes 2-6). However, for the mutant the La protein homolog Lhp1p. By studying the biosynthesis of the wild-type and mutant tRNA, we have deterpre-tRNA Ser CGA , there were two additional changes in tRNA processing. First, levels of the fully trimmed but unmined that one role of this highly conserved protein is to facilitate tRNA maturation. In wild-type cells and spliced precursor decreased to below that of wild-type trailer, an endonucleolytic cleavage contributes to the generation of the mature 3Ј end (Li and Deutscher, 1996) .
In contrast, most studies in eukaryotes have concluded that the mature 3Ј end of tRNAs is generated by an endonucleolytic cleavage (reviewed by Deutscher, 1990) . Since one difference between eukaryotic and prokaryotic pre-tRNAs will be the presence of La protein bound to the 3Ј end, it is likely that one role of La is to ensure that the primary pathway for 3Ј processing in eukaryotes is endonucleolytic. However, in the absence of Lhp1p, processing by exonucleases results in the production of mature tRNA. Thus, in yeast, as in prokaryotes, there is redundancy in the enzymes that are capable of processing tRNA 3Ј ends.
How might Lhp1p function in facilitating the 3Ј endonucleolytic cleavage of pre-tRNAs? We can envision several possibilities that are not mutually exclusive. One possibility is that the presence of Lhp1p bound to the 3Ј end is sufficient to protect the trailer from exonucleases, thus ensuring that the cleavage will be endonucleolytic. A second possibility is that Lhp1p is actually the endonuclease that removes the trailer. Thus far, we have been unable to demonstrate such a cleavage activity associated with our purified protein (C. J. Y. and S. L. W., unpublished data). A third possibility is that binding by Lhp1p recruits the endonuclease to the pre-tRNA. Since no consensus sequence has been described in tRNA 3Ј trailers, binding by Lhp1p could direct the site of cleavage.
A final possibility, which we favor, is that Lhp1p acts as an RNA chaperone to stabilize pre-tRNAs in conformations that allow the endonucleolytic cleavage to occur. This role is supported by the finding that a mutation that perturbs the structure of tRNA Ser CGA causes cells to could result in either inaccurate trimming of the 3Ј end (C) At intervals after the shift to glucose, RNA was extracted from by exonucleases or a failure of the end-trimmed prelhp1::LEU2 sup61-10 cells (lanes 1-6) and wild-type cells (lanes tRNA to be recognized by the splicing machinery. We 7-12) and subjected to Northern analysis. The blot was probed as
do not yet know whether end-trimming or splicing is the in Figure 1B to detect precursor and mature forms of tRNA Because splicing of the mutant pre-tRNA Ser CGA is nearly undetectable in our wild-type extracts, we are unable to use these extracts to resolve this question. Similar extracts, the 3Ј maturation of many pre-tRNAs is accomdifferences between the splicing of certain mutant preplished by an endonucleolytic cleavage. In the absence tRNAs in vivo and in vitro have been reported (Pearson et of Lhp1p, the 3Ј ends of these tRNAs are trimmed by al., 1985) . Whatever the defect, the result that a second exonuclease(s). As the mutation that causes cells to mutation that restores base pairing in the anticodon require Lhp1p exerts its effect by disrupting RNA strucstem of pre-tRNA Ser CGA fully rescues the requirement for ture, our results suggest that binding by Lhp1p stabilizes LHP1 strongly implies that binding by Lhp1p stabilizes pre-tRNAs in conformations that facilitate endonucleopre-tRNA structure. lytic cleavage.
Many, perhaps most, tRNAs require Lhp1p for the endonucleolytic removal of the 3Ј trailer sequence.
Role of Lhp1p in tRNA 3 End Maturation
Our Northern analyses revealed that 6 of the 10 famiIn prokaryotes, removal of the 3Ј trailer sequence from lies of intron-containing tRNAs showed alterations in pre-tRNAs is accomplished largely by exonucleases. In lhp1::LEU2 cells that were consistent with exonucleo-E. coli, at least five exonucleases are capable of removlytic removal of the 3Ј trailer sequences. For three other ing the 3Ј extension, and most pre-tRNAs can be subfamilies, we do not know if the detected changes result strates for any of the exonucleases (Li and Deutscher, from a switch from an endonucleolytic maturation pathway to an exonucleolytic one. Lastly, for tRNA Leu CAA , no 1996). However, for at least one tRNA with a very long (A) The relevant portion of the anticodon stem encoded by the wild-type sup61 ϩ gene, the sup61-10 mutant allele, and the double mutant sup61-10,70U is shown. Numbering is as in Figure 1A . Arrows indicate changes from the sup61 ϩ sequence.
(B-D) The sup61-10,70U (sector 2), sup61-10 (sector 3), and sup61 ϩ (sector 4) alleles were cloned into the ADE2/TRP1/CEN plasmid pAD12 and introduced into the lhp1::LEU2 sup61-10 strain carrying pSLL28 (a YEp24 derivative containing the LHP1, URA3, and LYS2 genes). Strains were streaked to single colonies on YPD medium and grown at 24.5ЊC (B) and 37ЊC (C). Strains were also streaked on 5-FOA-containing medium and grown at 24.5ЊC (D). For comparison, the growth of the lhp1::LEU2 sup61 ϩ strain carrying pSLL28 (sector 1) and the lhp1::LEU2 sup61-10 strain carrying pSLL28 (sector 5) are shown. The relevant genotype of each strain is indicated.
changes were detected in the pattern of precursors in require La protein binding. Alternatively, La proteins may function in additional aspects of the biogenesis of polylhp1::LEU2 cells. It is possible that for these tRNAs, endonucleolytic cleavage proceeds in the absence of merase III RNAs (see below). Although these functions are dispensable in S. cerevisiae, they may be important Lhp1p. Alternatively, the primary pathway for 3Ј end maturation of some tRNAs may be exonucleolytic. A in other species. Another explanation for the dispensability of LHP1 is final possibility is that the mechanism of processing of these tRNAs changes in lhp1::LEU2 cells, but the switch that S. cerevisiae contains a second La protein (Yoo and Wolin, 1994; Lin-Marq and Clarkson, 1995) . Now to the exonucleolytic pathway does not result in detectable alterations in Northern analyses.
that the S. cerevisiae genome sequence is complete, it is clear that Lhp1p is the only protein that is homologous While most studies have concluded that an endonucleolytic cleavage generates the 3Ј end of tRNAs in to vertebrate La proteins throughout its length. Interestingly, there are two loci that encode proteins that share higher eukaryotes, both endonucleolytic and exonucleolytic processing have been reported in S. cerevisiae (Eva conserved domain with all La proteins. One of these proteins is encoded by YCL037c, a potential gene on ans and Engelke, 1990; Furter et al., 1992) . Interestingly, those workers who reported exonucleolytic cleavage of chromosome III (Yoo and Wolin, 1994) . The second gene, SLF1, was identified as a multicopy suppressor of a the trailer studied tRNA processing in nuclear extracts, rather than the whole cell extracts used here (Evans and mutation in copper metabolism (Yu et al., 1996) . Gene disruption experiments have revealed that neither gene Engelke, 1990) . Since the mammalian La protein leaks out of the nucleus upon cell fractionation (Stefano, is essential, although cells lacking YCL037c grow more slowly than wild-type cells (Yu et al., 1996; S. Sobel, 1984) , it is possible that the yeast nuclear extracts were likewise depleted of Lhp1p. Our data confirm that while C. J. Y., and S. L. W., unpublished data). Furthermore, cells containing null alleles of all three genes (YCL037c, yeast cells contain exonucleases capable of trimming the 3Ј ends of pre-tRNAs, removal of the 3Ј trailer in SLF1, and LHP1) grew indistinguishably from cells lacking only YCL037c, indicating that these genes are not wild-type cells and extracts is largely accomplished by endonuclease(s).
functionally redundant with LHP1 (S. Sobel, C. J. Y., and S. L.W., unpublished data). Thus, all evidence indicates that Lhp1p is the only bona fide La protein in S. cereDispensability of the Yeast La Protein Since homologs of the La protein have been described visiae. in a wide range of eukaryotes, this protein may be a component of all eukaryotic nuclei. This conservation
Other Functions of La Proteins
Although the mammalian La protein has been proposed is difficult to reconcile with the fact that LHP1 is dispensable in S. cerevisiae. One explanation is that, in other to function in polymerase III transcription (Gottlieb and Steitz, 1989; Maraia, 1996) , we have been unable to species, certain essential tRNAs may require the La protein for processing to mature tRNAs. As has been noted demonstrate a similar role for the yeast protein. Our genetically depleted lhp1::LEU2 extracts are comparaby Furter et al. (1992) , 3Ј trailer sequences in S. cerevisiae tend to be shorter than those of higher eukaryotes.
ble to wild-type extracts in their ability to transcribe tRNA genes, and addition of Lhp1p does not stimulate For certain tRNAs with long trailers, folding into the proper conformation for accurate 3Ј processing may transcription (Figure 2A ). sequencing.
At present, we cannot distinguish between these possibilities.
Purification of Recombinant Lhp1p
Although we have not identified a role for Lhp1p in likely to reveal other roles of these ubiquitous eukaryotic (Goff et al., 1984) . This plasmid, pLHP1GAL, was transformed into proteins.
CY9. Transformants were grown in SC-uracil supplemented with 2% galactose and 1% glucose. To deplete Lhp1p, cultures were Experimental Procedures grown in SC-uracil and 2% galactose and 1% glucose at 24.5ЊC to OD600 ϭ 0.3. Cells were sedimented at 1500 ϫ g for 5 min, washed Yeast Media, Strains, and Synthetic Lethal Screen with water, and resuspended in SC-uracil and 2% glucose. Cultures Yeast media were prepared according to Sherman (1991) . Our wildwere kept in log phase by dilution in SC-uracil and 2% glucose. type strain was CY1 (MAT␣, ura3, lys2, ade2, trp1, his3, leu2, LHP1) .
At intervals after switching to glucose-only medium, aliquots were The lhp1::LEU2 strains were CY2 (MAT␣, ura3, lys2, ade2, trp1, his3, collected and RNA extracted (O'Connor and Peebles, 1991) . Exleu2, lhp1::LEU2) and CY4 (MATa, ura3, lys2, ade2, trp1, his3, leu2,  tracts for Western blotting were prepared as described (Yoo and lhp1::LEU2) . CY1, CY2, and CY4 were derived from disruption of Wolin, 1994) . LHP1 in strain YPH501, as described (Yoo and Wolin, 1994) . Although CY4 is the lhp1::LEU2 strain in the experiments shown, we Northern Blots have obtained identical results using CY2. To identify the sup61-10
For Northern analysis, total RNA was extracted (O'Connor and Peemutation, a synthetic-lethal screen was performed as described bles, 1991), fractionated in 8% polyacrylamide-8.3 M urea gels, and (Holtzman et al., 1993) . Strains CY2 and CY4 were transformed with transferred to Zetaprobe GT nylon membranes (Biorad) in 0.5 ϫ TBE pSLL28, a YEp24 derivative carrying the LHP1, URA3, and LYS2 at 150 mA for 16 hr. Oligonucleotides used to detect precursor and genes (see below), and exposed to ethylmethane sulfonate until mature tRNA Ser CGA were 5Ј-AGCCGAACTTTTTATTCCATTCG-3Ј and 25% of the cells were viable. After selections on media containing 5Ј-AGCCCAAGAGATTTCGAGTCTCTCG-3Ј, respectively. To detect ␣-aminoadipate and media containing 5-FOA, two mutant strains other intron-containing pre-tRNAs, oligonucleotides complemenwere identified. One mutant, CY9 (MATa, ura3, lys2, ade2, trp1,  tary to the introns (O'Connor and Peebles, 1991) were synthesized. his3, leu2, lhp1::LEU2, sup61-10 carrying pSLL28), was temperature To detect tRNA Pro UGG, the oligonucleotide 5Ј-ACCCAGGGCCTCTC-3Ј sensitive for growth at 37ЊC. Analysis of segregants from a cross was used. Oligonucleotides were radiolabeled with [␥-32 P]ATP (6000 between CY9 and CY1 revealed that the combination of lhp1::LEU2 Ci/mmol, NEN) and hybridized as described by Tarn et al. (1995) . and sup61-10 was lethal. A single copy of LHP1 suppressed the lethality. Crossing of CY9 to CY1 resulted in strain CY10 (MAT␣, In Vitro Transcriptions ura3, lys2, ade2, trp1, his3, leu2, LHP1, .
Whole cell extracts (Nichols et al., 1990) were prepared from CY1 and CY4 cells. Transcription was carried out as described, except Cloning of the sup61 ؉ Gene that each 50 l reaction contained 100 ng of plasmid, 75 g of A genomic library in YCp50 (Rose et al., 1987) was introduced into protein extract, and 10 Ci (7.8 Ci/mmol) of either [␣-32 P]rGTP or CY10. Transformants were replica-plated and incubated at 37ЊC.
[␣-32 P]UTP (Amersham). After incubation at 27.5ЊC, reactions were Eighteen transformants grew at 37ЊC; all contained plasmid inserts placed on ice and deproteinized at 50ЊC for 1 hr in 10 mM Tris with overlapping fragments from Chromosome III. Fragments corre-[pH 7.5], 10 mM EDTA, 0.25% SDS, and 0.5 mg/ml proteinase K. sponding to each gene present were subcloned into pAD12 (see Following digestion, RNA was extracted and the products fractionbelow). A 455 bp BglII-PstI fragment containing the sup61 ϩ gene ated in 8% polyacrylamide-8.3 M urea gels. restored growth at 37ЊC. To identify the mutation, genomic DNA from the sup61-10 strain was amplified. To detect errors introduced RNA Fingerprinting Analyses during amplification, products from three reactions were sequenced.
Transcription reactions contained 100 Ci (67 Ci/mmol) of [␣-32 P]UTP. Products were analyzed by RNA fingerprinting (Branch et al., 1989) using fractionation on 10% polyacrylamide-urea (6 M) Construction of Plasmids pSLL28 was constructed by cloning the PflMI/ClaI fragment congels for the first dimension. For nearest neighbor analyses, radioactive spots were eluted in 2 M triethylamine-carbonate, digested with taining LHP1 (Yoo and Wolin, 1994) into the PflMI/PvuII site of YEp24. The construct was digested with PflMI, filled in, and ligated to a RNase T2, and fractionated on TLC plates as described (Barrell, 
